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SUMMARY

A brief investigation has been made to determine whether the use of
ayxnuler ledges to promote turbulent momentum exchaenge will improve the
performance of & short, wide-angle diffuser. Results are presented of
tests of 8 230 conlcal diffuser with & 2:1 ratio of exit to inlet area
with both rough and smooth triangulaer ledges, approximately one-tenth
of the inlet boundary-layer thickness 1n helght, installed In succession
from the inlet to the exit. The results show that, although the flow in
the diffuser without ledges was very unsteble, the presence of a rough-
ness strip near the inlet, with or without additional ledges, assured
stable flow. For the configurstions investigated, the static-pressure
recovery and the total-pressure-loss coefficlent were either unaffected
or only slightly impaired by the installation of the ledges.

INTRODUCTION

Because of space limitations in present-day aircraft, considerable
effort has been directed toward improving the performance characteristics
of short, wide-angle diffusers. Substantial improvements in the static-
pressure recovery of short diffusers msy be achieved by using devices
such as vortex generators which accelerate the turbulent exchange of momen-
tum. From indications of the literature (refs. 1 to 3), ledges placed
on the diffuser wall transverse to the direction of flow might also serve
as a means for accelerating the turbulent exchange of momentum and, con-
sequently, be used to improve the performance of short dlffusers.

The results of several previous experimental investigations (refs. 1
to 3) indicate that the velocity profile measured in the region downstream
of a ledge on & flat plate had a shape that was an improvement over veloc-
ity profiles measured on the same surface at the same pointse 1n the absence
of the ledge. In references 1 and 2 the separated boundary layer leaving
the trailing edge of the ledge 1s shown experimentally to reattach
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violently to the surface several ledge heights downstream, and the inten-
sities of the longltudinal fluctuations in the boundary layer in this
region are much greater than those found on the corresponding smooth
surface. The increased momentum transfer downstream of the ledge exerts
& strongly favorable iInfluence on the shape of the boundary-lsyer veloc-
1ty profile and this influence perslsts for a distance of approximately
200 ledge heights in the direction of flow. Moreover, this favorable
effect on the shape of the velocity profile.was found to exlist for f£lows
wlth adverse pressure gradlents.

A brief program was orgenized to investigate the effects of a series
of ledges on the performance of a short, wide-angle diffuser. The over-
all effect on the diffuser performance was the principal consideratiom,
and no effort was expended to determine the boundary-layer behavior in
the immediate vicinlty of the ledge. For the systematic installetion of
various combinations of both rough and smooth ledges, the over-all per-
formance characterlstics of a 23° conical diffuser with a 2:1 ratio of
exit to Inlet area were determined in order to explore the potential of
this device. The helght of most ledges wasg_ approximately one-tenth of
the inlet boundary-layer thickness.

SYMBOLS
D diameter
P static pressure
h total pressure i
A impact pressure
M Mach number
W welght flow
T stagnation temperature, °R
P barometric pressure, in. Hg
o) mass density
Ny welghted total-pressure loss from surveys
L diffuser length —

r radial distance from center line
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Re

cle

¥

radius

Reynolds number based on inlet diameter, ;3%?

distance along longitudinal axis
perpendicular distance from diffuser wall
local wvelocity at any point in airstream

velocity of stream outside boundary layer

velocity ratio | for incompressible flow, L-2
bpex - P

boundary-layer thickness at u/U = 0.95

boundary-layer displacement thickness for incompressible

1
flow, sf (l—E)d-‘Y-
o )

boundary-layer momentum thickness for incompressible

1
flow, s/ E(l-E)dz
o U\ TT) s

viscosity

boundary-layer shape parameter, &%/0

Diffuser performance parameters:

L,

A'Pideza.l

total~pressure-loss coefficlent

diffuser effectiveness
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Subscripts:

o reference conditions

1 conditions at diffuser inlet

2 condltions at diffuser exit

3 conditions at tallpipe exit

a actual measured quantlty

8 referred to standard conditions
mex maximum value

APPARATUS AND METHODS

Test Setup

A schematlic drawing of the duct system used for this investigation
is shown in figure 1. The test duct system consists of a 23° conical
diffuser with & 2:1 ratio of exlt to inlet area Jjolned to a 2l-inch-

dlameter cylindrical approach tube approximateLylﬁg inlet dlameters in
length. The Junction between the approach tube and diffuser was formed

as & circular arc of 55% -inch radius, tangent to both the inlet cylinder

and the diffuser cone. A discharge tailpipe of 2G.T75-inch diameter,
approximately 3= inlet dlameters in length, was attached to the diffuser

exit. Prior to initial ledge tests, the diffuser was tested without
ledges in order to provide data for comperison purposes. For all ledge
tests, a l-inch-wide strip of roughness, identified as ledge a, was
installed near the diffuser inlet to stabllize the flow, as shown in

figure 2.

Description of Ledges

A1l ledges, both rough and smooth, were 1 inch wide. The rough ledges
were made of graded cork perticles that would pass through a standard
screen with 8 meshes to the inch, but be retained on a screen with 14 meshes
to the inch; the average height of the particles used was 0.10 inch. The
helght of most ledges was approximately one-tenth of the Inlet boundary-
lgyer thickness.



NACA TN 3123 5

The following procedure was used to install a typical rough ledge:

(1) A band of cork particles, 1 inch wilde, was cemented to the dif-
fuser wall, transverse to the direction of flow, irn the proper axlal
location.

(2) The leading edge was buffed and faired to give the strip an
approximately triangular cross section with a tralling edge sbout 0.10 inch
high. A view of the approximate cross section of some typilcal rough
ledges appears in figure 2.

The smooth ledges were made of balsa-wood strips of triangular cross
section which were installed in the diffuser in such a manner a&s to have
the leading edge smoothly failred into the diffuser wall. After instaell-
ation, each balsa-wood strip was carefully filled and sanded to produce
a smooth ledge surface.

" The axlal position and alphebetlical designation of the ledges are
shown in figure 1. Conflguration a hes a single l-inch-wlde, 0.l-inch-
high roughness strip, deslignated ledge a, installed near the diffuser
inlet (see fig. 1). The first ledge and each succeeding ledge was
installed as indicated in figure 1. Each conflguration tested 1s iden-
tified by a letter which denotes the position of the last ledge installed
for that confilguration. The following table gives a description of all
the ledge configurations Investigated:

Number Number
Configuration | of rough | B2eight; | of smooth Height,

ledges in. ledges in.
a 1 0.10 —-—— ———
b 2 .10 - ———
b-1 1 .10 1 0.10
b-2 1 .10 1l .15
b-3 1 .10 1 .20
c 3 .10 _— —
a I .10 -— —
{1 .10 _— -——-
d-1 3 .20 _— ——-
d-2 1 .10 3 .10
e 5 .10 RO
£ 6 .10 _—- —
g 7 .10 -— ——
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Instrumentation and Calibration

A series of static-pressure orifices was lnstalled along a single
generatrlx running from the dlffuser inlet to the tallpipe station in
order t0 measure longltudinel static-pressure distributions. At sta-
tions 1, 2, and 3 (the diffuser inlet, diffuser exit, and tallpipe exit,
respectively), wall-static-pressure measurements were made at six equally
spaced clrcumferential positions. All static-pressure orifices were con-
nected to a multitube mancmeter and pressures were recorded photographi-
cally. Totel- and statlc-pressure stream surveys were made at stations 2
and 1, in that order, for all the ledge configurations by using three
equally spaced, remotely controlled, electrically driven pressure probes.
A sketch of a pressure probe is included in figure 1.

The flow conditions at the diffuser inlet were determined by making
pressure~probe surveys at three equally distributed positions sround the
circumference of the Inlet. The diffuser inlet calibration 1s shown in
figure 3, in which the inlet Mach number, the Reynolds number based on
inlet dlameter, and the welight flow adjusted for standard conditions of .
29.92 inches of mercury and 60° F are all plotted as functions of the

inlet pressure ratlo pl/bo. Typlcal velocity profiles at the inlet
station 1 are shown in figure 4 for several values of p;/ﬁo. The inlet

boundary-leyer thickness was of the order of 5 percent of the inlet
dlameter.

Accuracy of Measurements

For some of the conflgurations investlgated, the occurrence of sepa-
ration or asymmetrical flows or the presence of turbulent fluctuating
veloclitilies cast doubt on the accuracy of the results obtained. Comparisons
between Inlet and exlt weight-flow values, shown for all configurations,
glve same indication of the inaccuracy resulting from these effects.

CAICULATION OF PERFORMANCE PARAMETERS

The reference static pressure Py used in conjunction with the inlet

statlic pressure p; provided the required correlating parameter for cal-
culating all performence cheracteristics.

The volume-welghted mean loss in total pressure from the reference
station 0 to the station under consideration was computed in the

following manner:
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/;R u(po - hx)r dr
fR - | (1)
0

The loss in mean total pressure was computed for the diffuser by using
the eguation

o~ &) -

5,0 = 7o - %) - (o0 - 1) @)

in which the inlet pressure ratio Pl/?o is used as a correlating parameter.

If expressed nondimensiornally by dividing by the impact pressure of the inlet,
the parameter Aﬁ/ﬁcl can be defined as the total-pressure-loss coefficient.

The rise in statlc pressure was computed as the difference between
the arithmetic mean of the six wall-static-pressure measurements at sta-
tlon 1 and the arithmetic mean of the wall-static-pressure measurements
at station 2 or 3. The ideal static-pressure difference was determined
by assuming frictionless one-dimensionel incompressible flow for the
same values of Pl/bo‘ The ratio of the measured static-pressure rise to

the ideal difference A@Vﬁ@ide&l is defined as the diffuser effectiveness.

RESULTS AND DISCUSSION

In contrast to the flow in the diffuser with no ledges, which peri-
odically shifted position and lacked axial symmetry, the flow in the
diffuser with one or more ledges installed was steady and, in general, had
approximately symmetrical veloclty profiles at the diffuser exit for most
conflgurations. Because the flow was so unstable in the diffuser without
the Inlet roughness strip, ledge &, accurate total-pressure measurements
could not be made at the diffuser exit. Therefore, in order to provide
values of A?/&cl for comparison purposes, total-pressure surveys were

made at station 3 where the flow was steady. In subsequent sections,
camparisons are made between the values of Aﬁ/@cl measured at station 3

for the diffuser with no ledges and the values of Aﬁ/&cl measured at
station 2 for the ledge configurations. These compsarisons glve a
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convenlent Index of the relative effect of various ledge arrangements on
the total-pressure-loss coefficient. It should be noted that all values
of Ah/ﬁcl glven for the diffuser without ledges include the total-

pressure loss occurring in the tailpipe, and &1l values of Aﬁ/hcl given

for the ledge conflgurations are for the diffuser alone., Values of the
diffuser effectiveness for the diffuser with and wlthout ledges are com-
pared at both the diffuser exit and the tailpipe exit.

Rough lLedges

Diffuser effectlveness.- The variation of A%/Apideal with inlet

pressure ratio at the diffuser exlt, station 2, and at the tailpipe exit,
station 3, is shown in figure 5 for aell configurations except the single-
ledge case for which data at station 3 are unavaillable. For comparison
purposes, the curves of diffuser effectiveness for the no-ledge configu-
ration have been edded. 1In general, values of diffuser effectiveness at
the diffuser exit for all ledge conflgurations are less then those for the
diffuser without ledges. At the tallpipe exit, station 3, this difference
between results for ledge and no-ledge configurations (for ledge configu-
retions b, c, d, and g) is less than that found at the diffuser exit. For
configurations e and £, values of diffuser effectiveness measured at the
tallpipe exit are slightly higher at lower speeds than the values for the
diffuser without ledges. :

Total-pressure-loss coefficient.- The variation in Aﬁl,a/hcl with

inlet pressure ratio is illustrated in figure 6 for ledge configurations a,
b, ¢, 4, £, and g. Because of a faulty pressure tube, the results
obtained for ledge configuration e are considered unreliable and are not
presented. For purposes of comparison, the curve of Ah1’3/ﬁcl for the

diffuser without ledges, measured at the tallpipe exlt, station 3, is
included in figure 6. It should be noted that, in general, the differ-
ences between the values of total-pressure-loss coefficient for the 4if-
fuser with and without ledges apparently becomes larger for successlve
configurations b, ¢, and d. These differences diminish, however, for
ledge configuration f and become ilmperceptible for configuration g at a
value of P;/bo of about 0.95. Because of asymmetrical flow conditions

which were found to exist for configurations f and g, the values of total-
pressure-loss coefficient shown in figures 6(e) and (f), however, are not
considered accurate.

Summary of performance results.- Figure T(a) shows the variation
of AR/APideal wilth the position of x/L corresponding to the number of
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ledges ingtalled, at stations 2 and 3 for a constant inlet pressure ratio
of 0.95; the ratio x/IL 1is defined as that portlon of the diffuser length
over which the ledges were installed. At the diffuser exit, as the number
of ledges installed was lncreased, the diffuser effectlveness decreased
progressively until, with seven ledges Ilnstalled, a decrease 1n the effec-
tiveness of about T percent was obtalned. At the tallpipe exit the effect
of the ledges was also detrlmentel, but on the order of a maximum of 2 per-
cent., The net effect on the diffuser effectiveness of the ledge instal-
lations indicates, therefore, that the ledges were not effective diffuser
boundary-layer control devices.

1

position of x/L corresponding to the number of ledges Installed at &
constant inlet pressure ratio of 0.95. The curves of figure T indicate
that the over-all effect of the ledges on the diffuser performance was
relatively smell. The static-pressure recovery characteristics were
diminished for all ledge configurations and the total-pressure-loss coef-
flcients were diminished for most of the ledge configurations. These
curves appear to represent some inconsistency 1n the results. Inconsis-
tencles are also evident in figure 8, in which the weight flows are plotted
as functions of the inlet pressure ratlo for ledge confilgurations b, c,
d, £, and g. The computed weight flows at the diffuser exit are seen to
be larger than the inlet welght flows for conflgurations b, ¢, and 4 over
the entire speed range. As pointed out in reference Y4, this condition is
an anticipated result for boundary-layer flows such as those encountered
in this experiment. As noted previously, asymmetrical flow conditions
existed at the diffuser exlt for configurations £ and g, and this cccur-
rence 1ls probgbly responsible for the discrepancies observed between the
computed values of Wé at the diffuser exlit and the inlet welght flows.

Figure T(b) demonstrates the veriation of Aﬁl 2/hc with the
2

Apparent discrepancles of the nature of those found for configu-
rations b, ¢, and d have been traced to the influence of turbulent fluctu-
ating velocitles on the total-pressure measurements (ref. 4). In this ref-
erence a method for estimating the effect of such fluctuating velocities on
diffuser-performance calculations has been devised. The procedure pre-
sented therein has been applied to the data of the present investlgatlion
for configurations b, c, end d. The results of this analysis are shown
in figures 6 and 7. Apparently, the trend of the curve of computed values
of Aﬁl,z/hcl against x/L plotted in figure 7(b) is compatible with the

trend of the diffuser effectliveness curve of figure T(a), and & progressive
diminution of performance with number of ledges Installed is indicated.
This result substantiates the conclusion relative to the diffuser effec-
tiveness, which 1is that the ledge installations were not effective dif-
fuser boundary-layer control devices.
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Boundary-layer veloclty profiles at diffuser exlt.- Boundary-layer
velocity profiles computed from totel-pressure measurements made at sta-
tion 2 are shown in figure 9 for configurations b, ¢, d, £, and g. The
boundary-layer paremeters &%, 6, and H given for each of the profiles
presented were computed by using definitions for two-dimensional flow
uncorrected for compressibility effects. It should be noted that evidence
of separated flow was found for all configurations shown with the exception
of configuration b. For configurations b, ¢, and 4, the separated regions,
vwhere detected, were very smeall, and symmetrical flow conditions were
observed. Violent oscillations of the fluid in the manometer tubes,
usually characteristic of separated flow, were not observed and the dats
were repeatable in all cases. The boundary-layer velocity profiles for
all configurations are of interest with regard to the high values of
boundery-layer shape parameter obtained. Over the range of configura-
tions the values of H vary from sbout 3.2 to 4.6, which is above the
normal range for steady flow in smooth-wall diffusers. The separated-
flow regions and the high values of shape paremeter are further evidence
that the ledge installations did not perform as anticipated. An inter-
esting observation is that the values of H for configurations b, ¢,
and 4 are of the order of 3.5, whereas the values of H for configura-
tions f and g are of the order of 4.5. This occurrence is probably attrib-
utable to the onset of asymmetricel flow conditions and the proximity of
the probe to the trailing edge of the ledges.

Longitudinal static-pressure distributions.- The variation in static
pressure along the wall of the diffuser is shown in figure 10 for a typi-
cal ledge configuration for & number of different speeds identified by
the value of Px/PO at x = 0. BStatic-pressure distributions for each

of the ledge configurations are not presented because no significant
differences could be detected. 1In the vicinity of the initial ledge the
static-pressure measurements are erratic, apparently because of the pres-
ence of the ledge and the high boundary-layer velocity close to the wall,
Downstream of this point, however, the ledges do not appear to have influ-
enced the stetlc-pressure measurements, which would tend to indicate that
the downstream ledges were ineffective in promoting the diffusion.

The validity of the wall-static-pressure measurements in the neigh-
borhood of the ledges was verified by stream survey-tube measurements in
the same regioms.

Effect of ledge height.- In order to determine whether favorable
results could be achieved by the use of higher rough ledges, the rough
ledges b, c, and d were constructed of cork particles so that the trailing
edge was 0.20 inch high and the leading edge faired into the diffuser wall.
This configuration is deslgnated as configuration 4-1.

Figures 11(a) and (b) show the variation of total-pressure~loss
coefficient and diffuser effectiveness, respectively, with the inlet

+a
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pressure ratio for configuration d-1. For purposes of comparison, the
curves for Aﬁl,e/hcl and A%/Apideal against P%/PO for configu-

ration & and values of Aﬁl,j/acl for the diffuser without ledges are

included in figure 11. A check of the measured weight flows at the
diffuser exit with the inlet flow calibration (see fig. 11(c)) indicated
that the loss coefficient measurements for the dissimilar-ledge configu-
ration required no corrections. A comparison of the experimental values
of Ahl,z/qcl for configuration d-1 and the calculated values

of Aﬁl,a/qcl for configuration d with the experimental velues
of Ahl,}/@cl for the diffuser without ledges shows that, although no

improvement in total-pressure performance over that for the diffuser
without ledges was achleved through the use of higher rough ledges, the
values of Abl,a/hcl are less for configuration d-1 than the corrected

values for configuration 4.

The values of Aﬂl,z/hcl shown in figure 11(a) for configuration d-1

appear to be more or_less constant over the speed range at approximately
the same value as Ohy 3 fde, for the diffuser wilith no ledges. However,
2

the values of Ap /Apideal at both the diffuser exit and the tailpipe exit

rise smoothly with increasing speed from a value considerably less than
that for either configuration d or the diffuser with no ledges to values
which are nesrly the same as those for the diffuser without ledges. Tm
fact, at the highest veloclty points, the values of AE/ZPideal measured

at the tailpipe exit for configuration d-1 are slightly greater that those
for the diffuser with no ledges.

Comperison Between Smooth and Rough Ledges

In order to determine whether the performance characteristics meas-
ured with the four 0.10-inch rough ledges are duplicated by the use of
geometrically similer 0.10-inch smooth ledges, three 0.10-inch balsa-wood
ledges were instelled in the diffuser downstresm of the original 0.10-inch
inlet rough ledge at the axial locations indicated in figure 1 for config-
uration d. The resulting configuration is designated as d-2. The varia-
tion of AR/&Pideal and Aﬁi,%/QCl with p¥/po is shown in figure 12

for configuration d-2. Also shown in figure 12 is a comparison between
the performance results of configurations d and a-2.

The measured weight flows at the exlt for configuration 4-2 are
shown by figure 12(c) to agree with the inlet measurements much more
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closely than those for confilguration 4. The deviations obtained were not
consldered large enough to warrant correcting the loss coefficlents.

From Inspection of figure 12, the smooth ledges are seen to cause a
deterioration of diffuser performance at the lower speeds. As the speed
is increased, however, the values of Agyh@ideal rise smoothly while the

values of Aﬁl,a/&cl drop contlnuously. At the highest test speeds the

diffuser effectiveness approaches asymptotically that of the rough-ledge
case and the loss coefflcient approaches that of the diffuser without
ledges. Of the confilguratlons tested, configuration d-2 exhibited the
most favorable speed effects on the performance and, at the higher speeds,
it produced better performance than the camparable rough-ledge case.

Effect of Changing Helght of Smooth Ledge b

The verietion of the diffuser performance with the height of the
second ledge was determined by varying the height of ledge b from 0,10
inch to 0.20 inch in increments of 0.05 inch. Thus, b-1 1is 0.10 inch high;
b-2, 0.15 inch high; and b-3, 0.20 inch high, Pressure measurements were
made at each ledge-height condltion investigeted, with all ledges down-
stream of ledge b removed to avold the complicatlon of interrelated effects.

The results of this investigation are shown in figure 13. Figure li(a)
is & plot of Ahl ?/ﬁcl as & function of inlet pressure ratio, with
s

ledge heights as the paremeters. A welght-flow check was made to deter-
mine whether erroneous values of Ah, %/hcl were obtalned for these con-
)

figurations, and as indicated by figure 13(c), no corrections to Aﬁl,e qcl

were required.

The curves shown in figure 13(a) indicate that, in general, the
height of smooth ledge b, over the range of heights investigated, does
not appreciebly influence the total-pressure performence of the diffuser.
Although the values of Aﬁl,e /ﬁcl for the 0.20-inch ledge height (config-

uration b-3) are slightly lower than those for either of the other two
ledge helights investigated, this occurrence is not considered significant
in view of the static-pressure result shown in figure 13(b). Figure 13(b)
demonstrates the varlation of A?/hpideal with inlet pressure ratio for

the three ledge helghts investigated, and it is evident that a single
curve can be drawn thro the data polnts for all configurations. The
comparison curve of Ap/Ap4ge.g1 for the two 0.l-inch rough ledges

(configuration b) is slightly higher than the single curve drawn for the
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emooth ledges, although at higher speeds the difference in values of
A%/Zpideal for the two types of ledges becames nonexistent. In view

of the statlic-pressure results, any apparent Influence of the trailing-
edge height of the smooth ledge on diffuser performance is suspect.

SUMMARY OF RESULTS

An experimental investlgation was conducted to determine the effect
of rough and smooth trianguler ledges, approximately one-tenth of the
inlet boundary-layer thickness in height, on the performence of a 23°
conical diffuser with a2 2:1 ratio of exit to inlet area and with a

constant-aresa tailpipe about 3% inlet diesmeters In length. The inlet

boundary-layer thickness was of the order of 5 percent of the inlet
diameter. The air flows used in this investigation covered an inlet Mach
number range from about 0.10 to 0.40, corresponding to Reynolds numbers

from approximately 1 X lO6 to 4 X 106 based on inlet diameter. The rough
ledges consisted of graded cork particles and the smooth ledges of balsa-
wood strips of trisngular cross section. The followlng results were
obtained:

1. The unstaeble flows 1n the diffuser were made stable by placing a
l-inch-wide strip of roughness Just downstream of the inlet. Addition
of more ledges had little or no effeet on the stability of the flow in
the diffuser slthough some evidence of flow asymmetry was noted for some
configuratlons.

2, For the configurations investligated, the statlc-pressure recovery
and the total-pressure-loss coefficient were elther unaffected or slightly
impaired by the installation of various arrangements of rough and smooth
ledges.

Langley Aeronautical Isboratory,
Natlonal Advisory Committee for Aeronautics,
Langley Field, Ve., September 11, 1953.
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